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The functional unit of the renal type IIa Na+/Pi cotransporter is a
monomer
Abstract
The composition of the functional unit of the rat renal type IIa Na(+)/P(i) cotransporter (NaPi-IIa) was
investigated by using two approaches based on the differential sensitivities of the wild type (WT) and
mutant S460C proteins to 2-aminoethylmethanethiosulfonate hydrobromide (MTSEA), a charged
cysteine modifier. Transport activity of S460C is completely blocked after incubation in MTSEA,
whereas that of the WT remains unaffected. First, Xenopus laevis oocytes were coinjected with cRNAs
coding for the WT and S460C in different proportions, and the transport inhibition after MTSEA
incubation was assayed by electrophysiology. The relationship between MTSEA inhibition and
proportion of cRNA was consistent with that for a functional monomer. Second, concatameric proteins
were constructed that either comprised two WT proteins (WT-WT), two S460C mutants
(S460C-S460C), or one of each (WT-S460C). Western blots of oocytes injected with fusion protein
cRNA showed bands at approximately 200 kDa, whereas a main band at approximately 90 kDa was
obtained for the WT cRNA alone. The kinetic properties of concatamers were the same as for the single
proteins. Transport activity of the WT-WT concatamer was unaffected by MTSEA incubation, fully
inhibited for S460C-S460C, but 50% inhibited for WT-S460C. This behavior was also consistent with
NaPi-IIa being a functional monomer.
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Summary
The composition of the functional unit of the rat renal type IIa Na+/Pi cotransporter 
(NaPi-IIa) was investigated by using two approaches based on the differential 
sensitivities of the wild type (WT) and mutant S460C proteins to MTSEA, a charged 
cysteine modifier. Transport activity of S460C is completely blocked after incubation 
in MTSEA, whereas that of the WT remains unaffected. First, Xenopus laevis oocytes 
were coinjected with cRNAs coding for the WT and S460C in different proportions 
and the transport inhibition after MTSEA incubation was assayed by 
electrophysiology. The relationship between MTSEA inhibition and proportion of 
cRNA was consistent with that for a functional monomer. Second, concatameric 
proteins were constructed that either comprised two WT proteins (WT-WT), two 
S460C mutants (S460C-S460C) or one of each (WT-S460C). Western blots of 
oocytes injected with fusion protein cRNA showed bands at ∼200 kDa , whereas a 
main band at ∼90 kDa was obtained for the WT cRNA alone. The kinetic properties of 
concatamers were the same as for the single proteins. Transport activity of the WT-
WT concatamer was unaffected by MTSEA incubation, fully inhibited for S460C-
S460C, but 50% inhibited for WT-S460C. This behavior was also consistent with 
NaPi-IIa being a functional monomer. 
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Introduction
The reabsorption of inorganic phosphate (Pi) at the luminal brush border 
membrane of the renal proximal tubule is mediated chiefly by a Na+-coupled 
cotransport process. Three unique types of Na+/Pi cotransporters have been 
identified in proximal tubular epithelia: type I, type IIa and type III (1,2). The type IIa 
Na+/Pi cotransporter (NaPi-IIa1) contributes the major component of luminal Pi 
transport (1-3). Type IIa isoforms, cloned from various species, display similar kinetic 
properties when expressed in Xenopus oocytes (4-7,10).
On Western blots made from brush border membrane vesicles (BBMV’s) the 
rat type IIa isoform (NaPi-IIa) protein is detected as an 80-90 kDa glycoprotein (8,9). 
When expressed in Xenopus laevis oocytes, a similar band, specific to NaPi-IIa, at 
70-110 kDa is observed (11-12). This molecular weight corresponds to  that 
predicted from the amino acid sequence (68.7 kDa) after taking account of protein 
glycosylation (11). 
From a number of studies using the radiation inactivation technique applied to 
Pi uptake in BBMV’s, estimates of the functional size of the Na+/Pi system have 
ranged from 124 kDa to 242 kDa depending on the species and assay conditions 
(13-18). The significant difference between the molecular weight of the type IIa 
protein (see above) and radiation inactivation size (RIS) was taken as evidence for 
an oligomeric functional unit of Na+/Pi cotransport. However, since Pi uptake in 
BBMVs most likely includes contributions from other Pi transport systems, e.g. type I, 
or other as yet unidentified proteins, estimation of the number of cotransporter 
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subunits of a particular type that contribute to the functional transport unit is not 
possible. Moreover, the membrane target of radiation may include other proteins 
and/or membrane domains associated with the cotransporter itself, which could result 
in an overestimation of the functional mass contributed by type IIa proteins alone. 
Alternative approaches have been recently used to determine the functional 
composition of membrane transport proteins. These take advantage of the Xenopus 
laevis oocyte expression system to over-express only the protein of interest and 
thereby avoid contamination of the functional assay. A means of functional 
identification is then used to assay the contribution made by the constitutive subunits 
such as non-conductive mutations for the potassium channel (minK) (19), differential 
sensitivity of subunits to methanesulfonate reagents that react specifically with 
cysteine residues for the epithelial Na+ channel (ENaC) (20,21) and the voltage 
gated chloride channel (ClC-1) (22), sensitivity of subunits to channel blockers for 
the shaker K+ channel (23) and mammalian delayed rectifier K+ channel (KV1.1) (24) 
and ENaC (21,25). To express functional proteins with a predefined subunit 
composition, an extension of this approach involves the construction of concatameric 
cDNAs that encode for linked subunits as used, for example, to determine the 
stoichiometry of KV1.1(24) and ENaC (25). 
Here, we determined the functional unit of the type IIa Na+/Pi cotransporter 
(NaP-IIa) by over-expression of the wild type (WT) NaPi-IIa protein and a 
functionally distinguishable mutant protein (S460C) in Xenopus laevis oocytes. The 
electrogenic response of oocytes was quantified by means of the two-electrode 
voltage clamp. We took advantage of the differential sensitivity of the WT NaPi-IIa 
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and mutant cotransporter (S460C) to nominally membrane impermeant MTS 
reagents: the WT is insensitive to externally applied MTSEA, whereas Pi uptake and 
the electrogenic cotransport mode are fully inhibited for S460C (12). We injected 
oocytes either with different proportions of cRNA’s coding for the WT and S460C 
protein or for novel fusion proteins (concatamers) that comprised two fused WT or 
S460C proteins alone, or a mixed protein that comprised the WT and S460C. In both 
cases we assayed the Pi-induced cotransport activity before and after MTS 
incubation. The results of each approach were consistent with the NaPi-IIa protein 
being a functional monomer.
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Experimental procedures
Chemicals and reagents: All restriction enzymes were obtained from Pharmacia 
Biotech or Biofinex, oligonucleotide primers were obtained from Microsynth and the 
mutagenesis kit was purchased from Stratagene (Switzerland). All constructs were 
cloned in pSport1 (Gibco BRL). The methanethiosulfonate reagent 2-aminoethyl 
methanethiosulfonate hydrobromide (MTSEA) was obtained from Toronto Research 
Chemicals (TRC, Ontario, Canada). Other standard reagents were obtained from 
Fluka. 
Solutions : The solution compositions for the electrophysiological assays were as 
follows (in mM/l): 
(a Control superfusate (ND96): 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES, 
adjusted to pH 7.4 with KOH.
(b Substrate test solutions: inorganic phosphate (Pi) was added to ND96 from a 
K2HPO4/KH2PO4 stock (1M/l) that was preadjusted to pH 7.4. The Na+/Pi cotransport 
inhibitor phosphonoformic acid (PFA) was added to ND96 from frozen stock to 
give a final concentration of 3 mM/l and the pH re-adjusted to 7.4 with KOH.
(c MTSEA was prepared in DMSO, frozen in aliquots at 1 M/l and was freshly diluted 
in ND96 solution from the frozen stock for each oocyte tested. A final 
concentration of 100 µM/l was used that consistently gave full inhibition of 
cotransport function for the S460C mutant (12).
Concatamers: These comprised either two WT NaPi-IIa cotransporters (WT-WT), 
two S460C mutants containing a serine to cysteine substitution at site 460 (S460C-
S460C) or both proteins (WT-S460C). The two units (A and B) were linked through a 
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linker peptide (GAAPDGAPGC). To insert the linker peptide, A was elongated at the 
3’ end by mutating the stop codon using PCR. The corresponding primer (see below) 
contained the linker followed downstream by an Nhe I site. An Nhe 1 site was also 
introduced at the 5’ end of B by site-directed mutagenesis. For unit A the 
corresponding sense and antisense primers were: 
5’ TCACTATAGGGGAAAGCTGG 3’ and 
3’ GCGAGTGGTGTTACGGTGGGCCGAGCCACGACGA
GGACTACCACGAGGACCTACGTACCGATCGGTTCGT 5’ respectively, and for unit B: 
5’ GGTGCCCATCATGGCTAGCTACAGCGAGAGATTGG 3’ and
3’ CCACGGGTAGTACCGATCGATGTCGCTCTCTAACC 5’), respectively (Nhe I sites 
indicated in bold).
The mutated constructs were then digested with ECOR I and Nhe I and purified. Unit
 A was ligated to the B plasmid for 4 hours at 16 oC. XL1-blue supercompetent cells 
were then transformed and the concatameric constructs were verified by sequencing. 
The in vitro synthesis and capping of cRNAs were performed according to the 
Ambion MEGAscript TM T7 kit handbook: 1 µg of the construct previously linearized 
by Not I (Pharmacia), was incubated in the presence of 40 U of T7 RNA polymerase 
(Promega) and Cap Analogue (NEB) at 37 oC for 4 hours.
Oocyte expression: The procedures for oocyte preparation and cRNA injection have 
been described in detail elsewhere (26). Oocytes were injected with either 50 nl of 
water or 50 nl of water containing 10 ng of cRNA. Coinjection of WT and S460C 
cRNA into oocytes was performed using a total of 10 ng of cRNA comprising each 
construct in different proportions, ranging from 15% S460C cRNA to 88 % of S460C 
cRNA. Oocytes were incubated in modified Barth’s solution and the experiments 
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performed 3-4 days after injection. For the concatamers, 10 ng of the corresponding 
cRNA was injected per oocyte.
Electrophysiology and data analysis: The standard two-electrode voltage clamp 
technique was used as previously described (6,27). Oocytes were mounted in a small 
recording chamber (100 µl volume) and continuously superfused (5ml/min) with test 
solutions precooled to 20 oC. Freshly prepared MTSEA reagent was delivered to the 
chamber by gravity feed via a 0.5 mm diameter cannula positioned near the cell. The 
steady state response of an oocyte to Pi and PFA was always measured at a holding 
potential, Vh  = -50 mV in ND96 solution, except where otherwise noted. 
Determination of the steady-state and presteady-state voltage dependence 
was made by using voltage step protocols in which the membrane potential was 
stepped from Vh = -60 mV to potentials in the range -100 to 0 or -140 to +60 mV, 
respectively. Data were acquired online using pClamp 7 software and compatible 
Digidata 1200 hardware (Axon Instruments, Foster City, CA, USA) and sampled at 
more than twice the recording bandwidth. Recorded currents were prefiltered using 
an eight-pole low-pass Bessel filter (Frequency Devices Inc., Haverhill, MA, USA) 
that was set to 20 Hz for steady-state and 500 Hz for presteady-state 
measurements respectively. Signal averaging was used where necessary.
To quantify the Pi-induced response, with the protein functioning in 
cotransport mode, account must be taken of the slippage, or uniport mode current. In 
the absence of Pi, this can contribute to a substantial proportion of the steady-state 
holding current of the oocyte when NaPi-IIa is expressed in Xenopus oocytes (6,12). 
Moreover, we have previously reported that the S460C mutant exhibits a higher 
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slippage than the WT (12) and therefore this could lead to errors in estimating the Pi-
induced response, if not taken into account. The slippage current was estimated 
using the Na+/Pi transport inhibitor, phosphonoformic acid (PFA), the application of 
which leads to a suppression of the oocyte holding current (Ih). The cotransport 
mode activity was then estimated by assuming that in this mode: (i) no slippage 
current flows (ii) PFA fully suppresses the slippage current and (iii) endogenous 
effects are negligible. The Pi-induced cotransport mode current (IPi), is then given 
by:
IPi = ∆IhPi - ∆IhPFA 1
where ∆IhPi is the change in holding current induced by a saturating Pi (1 mM) and
 ∆IhPFA is the change in holding current induced by 3 mM PFA in the absence of 
external PI (see Fig. 1).
Presteady-state charge movements were quantified by first subtracting
records obtained in 3 mM PFA to eliminate endogenous currents. Difference records
were integrated to obtain the charge (Q) as a function of transmembrane voltage (V).
 Q-V data were then characterized by fitting a single Boltzmann function :
Q=Qhyp+Qmax/(1+exp(-ze(V-V0.5)/kT))  2
where Qmax is the maximum charge translocated, Qhyp, is the steady-state charge
at the hyperpolarizing limit and depends on Vh, V0.5 is the voltage at which the
charge is distributed equally between the two states, z is the apparent valency per
cotransporter, e is the electronic charge, k is Boltzmann’s constant and T is the
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absolute temperature.
All electrophysiology was performed on oocytes obtained from at least 2 donor
frogs. Data are expressed as mean ± SEM for n oocytes
Immunoblot of oocytes homogenates: Yolk free homogenates were prepared 3 days 
after injection (H2O or cRNA). Pools of 3 oocytes were lysed together with 60 µl of 
homogenisation buffer [1% Elugent (Calbiochem) in 100 mM NaCl 20 mM Tris/HCl, 
pH 7.6] by pipetting up and down (28). Samples were centrifuged at 16000 xg for 3 
min at room temperature to pellet the yolk protein. 20 µl of the supernatants in 2X 
loading buffer (4%SDS, 2 mM EDTA, 20% glycerol, 0.19 M Tris/HCl pH 6.8, 2 mg/ml 
bromphenol blue) and 100 mM DTT (dithiothreitol) were separated on a SDS-Page 
gel and proteins were transferred to a nitrocellulose membrane (Schleicher & 
Schuell). The membrane was then processed according to standard procedures 
using rabbit polyclonal antibodies raised against synthetic peptides from the NH2-
termini of NaPi type IIa. The specificity of the antibody has been previously 
demonstrated (8). Immunoreactive proteins were detected with a chemiluminescence 
system (Pierce).
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Results
Coinjection of WT/S460C in different proportions
In the first approach to identify the functional unit of NaPi-IIa, we co-injected 
varying proportions of cRNA coding for the wild type (WT) NaPi-IIa and the mutant 
protein S460C. Whereas the WT transport function is insensitive to external applied 
MTSEA, that of S460C is fully suppressed (12). Therefore, if the two proteins 
associated randomly to form functional oligomeric complexes, we would expect a 
strict relationship between the inhibition of transport function after MTSEA exposure 
and the proportion of the two cRNA’s injected that would depend on the number of 
units (N) in the oligomer. This relationship, derived from the binomial theorem 
(19,23), under the assumption that oligomers that comprise one or more S460C 
components will show full inhibition of transport after MTSEA incubation, is given by:
% Inhibition = 100(1 - IPi+/IPi- ) = 100(1 - (fWT)N)
 3
where IPi- and IPi+ are the Pi-induced currents (see Eqn. 1) before (-) and after (+) 
incubation in MTSEA, respectively and fWT is the fraction of WT cRNA injected. 
The success of this approach depends on both proteins being expressed 
independently and that the membrane expression levels correspond to a given 
quantity of injected cRNA. We therefore first performed control experiments, in which 
the electrogenic response (1 mM Pi, Vh = -50 mV) was compared between oocytes 
from the same donor frog and on the same day that were injected with equal 
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quantities of WT or S460C cRNA alone. These pilot experiments indicated that the 
magnitude of the electrogenic response correlated with the amount of cRNA injected, 
up to 20 ng/oocyte, above which a saturation effect was observed (data not shown). 
Moreover, the responses for cells that expressed each cRNA were comparable (e.g. 
for one batch of oocytes, each injected with 10 ng of cRNA, the Pi-induced currents 
for NaPi-IIa WT were: -71 ± 2 nA (n = 4) and for S460C were: -72 ± 8 nA (n = 4)). 
Such data indicated that both cRNAs were translated and the proteins expressed 
with similar efficiency by oocytes from the same donor frog.
Figure 1 near here
The transport activity of the injected oocytes was assayed under voltage 
clamp conditions before and after incubation in MTSEA (see Experimental 
procedures). Fig. 1 shows the typical responses to Pi (1 mM) and PFA (3 mM) for 
oocytes injected with 100 % WT (upper traces), 100% S460C (center traces) and a 
mixture of 75% WT and 25% S460C (bottom traces) cRNA before and after 
incubation in 100 µM MTSEA. As indicated for the 100% WT records, the transport 
activity, which was assumed to be in direct proportion to the electrogenic current, was 
quantified by taking into account the change in holding current induced by both PFA 
and Pi (see Eqn. 1, Experimental procedures).
We observed no effect on the WT cotransport mode current (0% inhibition) 
and complete suppression of the S460C response (100% inhibition) as previously 
reported (12). The inhibition of cotransport mode in oocytes coinjected with 
intermediate proportions of both cRNAs is summarized in Fig. 2. In addition, the 
predicted inhibition for monomeric (N = 1), dimeric (N = 2) and tetrameric (N = 4) 
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functional units (open bars) is shown, as determined from Eqn 3.
Figure 2 near here
The inhibition of the transport in oocytes injected with up to 50% of S460C 
correlated with the percentage of injected S460C cRNA (Fig. 2). This suggested that 
NaPi-IIa functioned as a monomer (N = 1). For example, injection of 25 % of S460C 
cRNA gave a mean inhibition of 22.5 % (n = 12) of the cotransport mode current after 
MTSEA incubation. However, when the percentage of S460C cRNA increased above 
50 %, the deviation from a 1:1 relation (N = 1) increased: e.g. injection of 88% of 
S460C cRNA only gave a mean inhibition of 75 % (n = 7). This deviation at higher 
proportions of S460C cRNA suggested that the above assumption concerning 
amount of cRNA injected and membrane expression was not valid for all proportions 
of each cRNA.
Concatamer expression in oocytes
In the second approach, we constructed a fusion protein (concatamer) 
between the WT and the S460C mutant transporter so that when expressed, the WT 
and S460C proteins would be represented in precisely equal proportions. We 
reasoned that this approach would provide a clearer indication that the functional unit 
of NaPi-IIa was a monomer, as suggested from the coinjection experiments. For 
example, if this were indeed true, we would expect that modification of the sensitive 
cysteine in the mixed fusion protein would result in a 50% loss of transport function, 
whereas a functional dimer would result in total loss of function.
We constructed three different concatamers, (see Experimental procedures): 
the WT transporter was linked to the S460C mutant (WT-S460C) and, in addition, 
two WT transporters (WT-WT) and two S460C mutants (S460C-S460C) were 
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linked. The latter two constructs were necessary to confirm that the concatameric 
construction per se did not alter the principal characteristics of the transporter. We 
then characterized the concatamers in terms of expression (Western blot) as well as 
steady-state and presteady-state kinetics.
Figure 3 near here
Fig. 3 shows a Western blot under reducing conditions made from whole 
oocyte lysate (see Experimental procedures), which compares the three concatamers 
with the WT protein. In agreement with previous observations (see Introduction), the 
WT gave a band that corresponded to a molecular weight of ∼100 kDa. For all three 
concatamers, this band was absent and only a staining at ∼ 200 kDa was detected. 
These same oocytes had been previously checked for functional expression (see 
below) and therefore we took the presence of this band as confirmation that only a 
dimeric protein was expressed. 
Kinetic characterisation of the concatamers
Oocytes that expressed the concatamers were tested for electrogenic 
transport activity and voltage dependency. The Pi-activated current, measured at Vh 
= -50 mV, was compared with that of oocytes that expressed the WT protein. All 
three constructs were active and gave electrogenic responses (Fig. 4 A), although 
these were consistently smaller (up to 5 fold) than those from oocytes from the same 
donor frog that expressed either WT or S460C alone (data not shown). 
Figure 4 near here
We have previously reported that the S460C mutation did not result in 
significant alterations in the basic kinetic characteristics such as voltage dependency 
(12). For example, here we also found, that the steady-state current-voltage (I-V) 
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relations for the concatamers (Fig. 4 B) showed essentially the same voltage 
dependency as we have previously reported for the WT or S460C alone in the range 
-80 <V < 0 mV (6,12). These data confirmed that the voltage dependence of the 
basic cotransporter was not altered by protein fusion. 
The steady-state electrogenic response is a function of both the cotransporter
turnover rate (number of transport cycles per second) and the number of active
proteins in the membrane, either of which could result in the smaller Pi-induced
currents. To establish whether the smaller currents obtained with the concatamers
were the result of an alteration in the transport kinetics, or simply due to under-
expression, we determined the transport turnover rate. This parameter can be
obtained from an estimate of the apparent valency and total charge movement
associated with presteady-state relaxations (6,12). As shown in Fig. 4 C, for a
representative oocyte that expressed the WT-WT concatamer, voltage steps induced
presteady-state relaxations that were significantly suppressed when PFA (3 mM)
was added to the ND96 superfusate. To eliminate the endogenous oocyte charging
component and facilitate quantification of presteady-state charge movements, we
subtracted the PFA traces to give the NaPi-IIa dependent presteady -state current
as shown in Fig. 4 D. The Q-V relation that resulted from integration of these data,
showed typical saturating behavior for the ON and OFF charge movements, as
previously reported for the WT and S460C (6,12) (Fig. 4 E). A fit of a single
Boltzmann function to the mean of the ON and OFF charge gave the following
parameters for this oocyte: Qmax = 1.5 nC; V0.5 = -27 mV; z = -0.5 (Eqn. 2,
Experimental procedures). Both parameters lie in the range we have previously
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reported for the WT and S460C proteins alone (6,12) and thereby confirmed that the
intrinsic voltage dependence for the WT-WT construct had not altered, in accord with
our steady-state I-V data.
The transporter turnover, φ(V), at any potential V, can be expressed as:
φ(V) = Ip(V) z/ Qmax 4
where Ip is the steady-state cotransport current. For the representative 
oocyte, which expressed the WT-WT construct (Fig. 4 A), at -50 mV, Ip = -40 nA 
and substitution of z and Qmax in Eqn. 4 gave φ(-50) = 13 s-1. This agreed well with 
previously reported estimates for φ(V) for the NaPi-IIa protein (e.g. φ(-50) = 13.5 s-1 
for S460C (12) and φ(-100) = 23 s-1 for WT NaPi-IIa (6) and indicated that the 
transport turnover of the WT-WT concatamer was most likely unchanged. 
Effect of MTSEA on the concatamers
Figure 5 near here
Oocytes that expressed the three concatamers were tested for function after 
exposure to the methanethiosulfonate reagent, MTSEA. As illustrated for 
representative oocytes in Fig. 5 A, after incubation in MTSEA, the control 
concatamers (WT-WT: upper trace) and (S460C-S460C: bottom trace) behaved the 
same as oocytes that expressed the single proteins: namely, the WT-WT mutation 
showed no inhibition, whereas the S460C-S460C concatamer was fully inhibited 
(compare with Fig. 1). This confirmed that the sensitivity to the reagent was not 
altered by the fusion procedure. In contrast, the WT-S460C concatamer (middle 
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trace) showed a 50% inhibition of the Pi-induced response after incubation in 
MTSEA. These findings were confirmed in several batches of oocytes, the pooled 
results from which are shown in Fig. 5 B. To take account of different expression 
levels, we normalized the response after incubation in MTSEA to the control 
response for each oocyte. For comparison purposes, data for oocytes that expressed 
the WT and S460C proteins alone are also shown. The apparent incomplete block of 
the electrogenic response after MTSEA incubation for S460C and S460C-S460C 
concatamer most likely resulted from a contamination of the data by the oocyte 
endogenous response to PFA, which has been previously reported (29) and varies 
between batches of oocytes. 
We also established that the loss of transport function was the same at other 
membrane potentials as indicated by the I-V curves for the three concatamers (Fig. 5
 C). As expected, after MTSEA incubation the I-V relation for the WT-WT construct 
was unaltered and that for the S460C-S460C construct was fully suppressed, 
whereas the mixed concatamer showed a 50% reduction in current over the whole 
voltage range tested.
Finally, we confirmed that chemical modification of the Cys-460 residue in the 
concatamers (WT-S460; S460C-S460C) could be reversed by the reducing agent 
dithiothreitol (DTT). Incubation of oocytes in DTT (10 mM) for 15 min. and 
subsequent retesting for function, confirmed that the initial Pi - response was 
restored within 10% of the value prior to incubation in MTSEA (91 ± 2 %, n = 5) (data 
not shown). This established that the dimeric fusion protein was still intact after 
MTSEA incubation and that the action of MTSEA was specific to Cys-460, as 
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previously reported for the mutant S460C alone (12). 
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Discussion
This study documents the identification of the functional molecular unit of the 
type IIa NaPi cotransporter (rat NaPIIa) expressed in Xenopus oocytes. We took 
advantage of the marked difference in sensitivity of the WT transporter and the 
S460C mutant to the cysteine-modifying reagent, MTSEA. Whereas the cotransport 
function of the WT is unchanged after external application of this reagent, that of the 
S460C mutant is fully inhibited (12). 
The underlying assumption in our use of externally applied MTSEA was that 
this reagent modified only the substituted cysteine residue at site 460. It has been 
previously reported that MTSEA can permeate membranes and modify exogenously 
expressed membrane proteins from the cytosolic side of the membrane (30, 31). 
Therefore, part of the observed inhibition of transport function might be attributable to 
modification of other functionally important cysteine residues present in both the WT 
and S460C proteins. For example, the membrane permeant MTS reagent MMTS can 
inhibit the WT transport activity (12). However, we have shown that for externally 
applied MTSEA, even at 10-fold higher concentrations than those required to fully 
suppress S460C function, no alteration in WT transport activity occurs. Moreover, 
externally application of the impermeant reagent MTSET (30) leads to the same full 
inhibition of transport function for mutant S460C as MTSEA under the same 
conditions. These findings established that: (1) external application of either reagent 
is able to access the Cys residue at site 460 from the extracellular side and (2) if 
MTSEA does permeate the membrane, it is unable to access functionally important 
cysteine residues associated with NaPi-II protein via this pathway. Therefore, under 
our experimental conditions MTSEA can be considered impermeant and any loss of 
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transport function can be attributed only to the chemical modification of Cys-460. 
To interpret our data, we tacitly assumed that if the transport function of one 
subunit of an oligomeric functional unit is inhibited through chemical modification of 
Cys-460, the transport of the entire functional complex is blocked. Given the validity 
of this assumption, we could make predictions concerning the functional composition 
of NaPi-II protein and interpret our results accordingly. The results of both 
approaches matched well with the prediction that NaPi-II protein exists as a 
functional monomer. For example, for the coinjection experiments, if 50% WT and 
50% S460C cRNA is injected, we would expect, on average, for random protein 
association as dimers: 25% of S460C+S460C, 25% WT+WT and 50% WT+S460C 
transporters. Thus, the transport rate should be inhibited by 75%, whereas for a 
functional monomer, an inhibition of 50% is predicted (Eqn. 3) that is close to the 
observed value. Similarly, for the mixed concatamer (WT-S460C), the observed 50% 
loss of function is consistent with there being two functionally independent transport 
pathways per concatamer and a total inhibition of the transport pathway established 
by the S460C protein component. Our interpretation of the data therefore also implies 
the existence of one transport pathway, or - rather unlikely - multiple, identical 
transport pathways for each functional unit. Although we cannot fully exclude this 
latter possibility, the simplest interpretation, consistent with our findings, is that there 
is only one transport pathway per unit protein.
The coinjection method
From the coinjection experiments, in which the proportion of S460C cRNA 
varied from 15% to 88%, the best agreement between the measured % inhibition and 
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that predicted from Eqn. 3 was for N = 1 (i.e. a monomeric functional unit). For all 
intermediate proportions of cRNA, the measured mean % inhibition always remained 
slightly below that predicted for N = 1, and the deviation increased at the upper limit 
(88 % S460C). This suggested the influence of a systematic error, which may arise 
from intrinsic uncertainties in the coinjection method. In the first place, coinjection of 
equal quantities of two different cRNAs into oocytes does not guarantee that a given 
percentage of cRNA leads to the corresponding amount of protein - either 
expressed, or actually inserted into the membrane as functional cotransporters. For 
example, membrane expression of one protein could be favored over another, 
depending on the state of the oocyte expression machinery. Second, expression 
levels can vary significantly between different isoforms of the same cotransporter. We 
have observed that the human (5) and mouse (7) NaPi-IIa isoforms, which show 
very high molecular identity with the rat isoform give significantly lower functional 
expression (up to 5-fold) for the same quantity of cRNA injected and same batch of 
oocytes (unpublished observations). In the present study, although we found that the 
amount of cRNA injected correlated well with the electrogenic activity of both WT and 
the mutant S460C alone, nevertheless, coexpression of both cRNAs might still lead 
to disproportionate functional expression. This could therefore account for the 
deviation from monomeric prediction at higher proportions of S460C cRNA. Third, 
time-dependent expression rates of the two proteins could differ depending on the 
individual oocyte or between donor frogs. In practice, we observed no qualitative 
differences between WT and S460C with respect to their functional expression in 
oocytes measured from day 4 to day 6, post-injection and therefore we think that this 
would most likely not lead to significant errors in the final membrane expression 
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levels.
For the particular case that inhibition of transport would be directly proportional 
to the number of S460C subunits present in a putative functional oligomer of 
stoichiometry N, we would be unable to distinguish between a functional unit 
comprising N independent transport pathways and a single composite transport 
pathway formed by the N subunits, i.e. a 1:1 relation between % inhibition and 
fraction of mutant cRNA would also be predicted, as for the functional monomer. 
These two possibilities could be best resolved by morphological means (e.g. 21).
Concatameric constructs
The kinetic behavior of both the mixed (WT-S460C) and control concatamers 
(WT-WT, S460C-S460C) confirmed that the transport characteristics of the protein 
were unaltered compared to the original WT and S460C alone. Moreover, for the 
WT-WT concatamer, MTSEA application neither altered the transport rate, nor the 
steady-state voltage dependency, which provided further validation of our 
assumption regarding its use in the present study.
The Western blots for oocytes that displayed transport function, confirmed the 
integrity of the fusion proteins by the presence of a single band that had twice the 
molecular weight of the individual proteins. Based on the Western blot data, the 
protein levels of the concatamers appeared comparable to those of the WT, however 
these data alone do not provide any information concerning the amount of functional 
protein in the membrane, since the Western blots were obtained from whole cell 
lysate. Taking together the Western blot and electrophysiological data would 
therefore suggest that the concatameric protein may not be as efficiently inserted in 
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the membrane as the WT.
The concatamer that comprised one WT and one mutant (S460C) transporter 
as a fusion protein (WT-S460C) provided further evidence of a monomeric functional 
unit for the NaPi-IIa protein. An alternative proposition is that the dimers themselves 
associate to form functional tetramers. If this were the case, given random 
association of dimers and full block of transport for any tetramer that comprised at 
least one S460C as a subunit, we would then predict a 25% inhibition of function after 
MTSEA treatment. Our data clearly exclude this possibility. As for the coinjection 
approach, with the exception of the case in which the S460C half of the concatamer 
contributes 50% to a common transport pathway that is only 50% inhibited after Cys 
modification, the behavior of the mixed concatamer is fully consistent with that 
expected for a functional monomer.
Comparison with other studies
The radiation-inactivation method has been used extensively to estimate the 
molecular size of the functional unit of membrane enzymes (32). Using this approach, 
the Béliveau group has proposed that the functional unit responsible for Na+-
dependent Pi cotransport in BBMV’s is a multimer (13-18). Although uncertainties 
concerning the contribution of Pi uptake by proteins other than NaPi-IIa have been 
recently addressed by combining Western blot analysis with radiation inactivation 
(18), a study by Tatsumi et al., (33) has reported the existence of other NaPi-II 
related proteins in BBMV´s. Since these share the same N or C terminal regions, 
they would also be detected by Western blot together with the full NaPi-IIa protein. 
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This lack of discrimination of the Western blot analysis could therefore oversimplify 
the identification of the protein constituents of a functional unit. 
A discrepancy in estimation the functional size of a transport protein has also 
been reported for the sodium glucose cotransport system. Freeze fracture analysis of 
SGLT-1 expressed in Xenopus oocytes reveals membrane-bound particles that 
correlate with expression of SGLT-1 protein (34) and the particle size strongly 
suggests a monomeric assembly for SGLT-1 (35). However from radiation 
inactivation studies (36), the reported RIS ≈ 290 kDa taken together with the 
molecular weight from Western blots 70-75 kDa, suggests a tetrameric functional 
unit in situ. Since the conditions of the transport activity assay during irradiation also 
alter the predicted RIS as in the case of Pi uptake in BBMV’s (16), this could indicate 
that the target size changes according to which transporter species are active. The 
assay conditions used in the present study are similar to those encountered in vivo 
(high inwardly directed Na+ gradient and membrane potentials in the physiological 
range) and therefore our findings are relevant to the function of NaPi-IIa protein in 
the intact renal proximal tubule. 
Conclusions
This study presents evidence that NaPi-IIa protein is a functional monomer 
when expressed in Xenopus oocytes. Although we cannot exclude that NaPi-IIa 
molecules may aggregate, either with themselves, to give rise to multiple, 
independent transport pathways within the same complex, or with other associated 
proteins in situ, oligomeric assembly of NaPi-IIa proteins is not a necessary condition 
for type II Na+-dependent Pi transport.
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Footnotes
1
 The abbreviations used are: NaPi-IIa, type IIa Na+/Pi cotransporter; BBMV, brush 
border membrane vesicle; WT, wild type cotransporter; S460C, Ser-460-Cys mutant 
cotransporter; MMTS, methyl methanethiosulfonate; MTSEA, 2-aminoethyl 
methanethiosulfonate hydrobromide; MTSET, 2-(trimethylammonium)ethyl 
methanethiosulfonate bromide; PFA, phosphonoformic acid; DTT, dithriothreitol; RIS, 
radiation inactivation size.
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Figure legends
Figure 1. MTSEA induced inhibition of electrogenic response of oocytes coinjected 
with different proportions of WT and S460C cRNA. 
Representative traces showing control response to 1 mM Pi and 3 mM PFA 
superimposed, before (left) and after (right) incubation in 100 µM MTSEA for 5 min 
added to ND96 solution at Vh = -50 mV. Test substrates were applied for 20 s as 
indicated by the solid bars. Note that the washout of either substrate, indicated by a 
return to the initial baseline holding current, normally required up to 1 min. and is not 
shown here. Upper traces: oocyte injected with 100 % NaPi-IIa WT cRNA; center 
traces: oocyte injected with 100 % S460C cRNA; bottom traces: oocyte injected with 
25% S460C+75 % WT cRNA. To quantify the inhibition of transport the Pi and PFA-
induced changes in holding current (∆IhPi and ∆IhPFA, respectively) were measured 
(see Experimental procedures) as indicated on the upper traces. Continuous line is 
the reference holding current. Dashed line is baseline holding current before 
substrate application. The oocyte injected with 25 % S460C cRNA displayed a 25% 
inhibition.
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Figure 2. Percentage of inhibition for the different proportions of S460C cRNA is 
consistent with a monomeric functional unit.
Pooled data for 5 different ratios of WT and S460C cRNA showing the inhibition after 
MTSEA incubation, expressed as % of the initial response. The predicted inhibition 
for three candidate subunit stoichiometries (N = 1, 2, 4) is given as open bars (see 
Eqn. 3). Data shown as mean ± SEM for n = 5 (15% S460C), n = 11 (25 % S460C), n 
= 11 (50 % S460C), n = 8 (66 % S460C) and n = 7 (88 % S460C) oocytes, obtained 
from at least two donor frogs.
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Figure. 3. Western blots confirm expression of WT-WT, S460C-S460C and WT-
S460C concatamers in oocytes. 
Western Blot obtained from pools of 3 oocytes injected either with water, WT, WT-
WT, S460C-S460C or WT-S460C cRNA. The proteins were separated on a 9% 
SDS gel under reducing conditions and after blotting, NaPi-IIa protein was visualized 
by incubation with an antibody against the rat NaPi-IIa NH2-terminus (see 
Experimental procedures). This blot shows the expected main band at ∼100 kDa for 
the WT protein and a higher band at ∼ 200 kDa for each concatamer. 
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Figure 4. Concatamers display electrogenic behavior similar to WT NaPi-IIa. 
A, shows representative current traces in response to 3 mM Pi. In non-injected 
oocytes from the same donor frog, the endogenous response was < -5 nA. 
B, shows the current voltage (I-V) curves pooled from 4 oocytes that expressed each 
construct and normalized to the Pi-induced current at -50 mV after correction for the 
PFA response as before (see Experimental procedures). SEM’s smaller than symbol 
size are not shown. Symbols: o (WT-WT); ∆ (S460C-S460C); m (WT-S460C).
C, voltage steps from Vh = -60 mV from -140 to +60 mV, induce presteady-state 
relaxations for superfusion in ND96, 0 mM Pi that are suppressed by 3 mM PFA. 
Relaxations were recorded from an oocyte that expressed the WT-WT concatamer. 
Data were low-pass filtered at 500 Hz, sampled 50 µs/point, and each record is the 
result of 8 averages.
D, shows remaining charge movement after subtraction of PFA records at each 
corresponding voltage. Integration of these traces, after correction for baseline offset, 
gives the Q-V curve shown in E. This plots ON charge movement (QON, open 
symbols) for step from the holding potential to test potentials and OFF charge 
movement (QOFF, filled symbols) for step from test potential to the holding potential 
against the test potential. Continuous line is fit of Eqn. 2 to mean of QON and QOFF, 
that gave z = - 0.5, V0.5 = - 27 mV and Qmax = 1.5 nC. 
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Figure 5. Properties of concatamers after MTSEA incubation.
A, shows representative records of Pi (1mM) and PFA (3 mM) induced currents for 
each concatamer before (left) and after (right) incubation in 100 µM MTSEA for 5 
min.
B, shows normalized Pi-induced response at Vh = -50 mV, expressed as a % of 
control response recorded before MTSEA incubation, for oocytes that expressed the 
WT and S460C cRNA alone (n = 4, open bars) and each concatamer (n = 4, filled 
bars) after MTSEA incubation.
C, shows I-V curves before (filled symbols) and after MTSEA incubation (open 
symbols) for same oocytes as in B. In each case, the responses were normalized to 
the control response recorded before MTSEA incubation, at Vh = -50 mV. SEM’s 
smaller than the symbol size are not shown. 
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